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Part V Outline

B [nterconnect-Centric Design Flow

B |nterconnect Performance Estimation M odels
|PEM for optimal wiresizing
|PEM for wiresizing and buffer insertion

B [nterconnect Planning
Physical hierarchy generation

Floor plan/coar se placement with interconnect planning
| nter connect ar chitecture planning

m Concluding Remarks
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Clock cyclesrequired for traveling 2cm

lineunder BIWS
(buffer insertion and wire sizing)

Estimated by |PEM
On NTRS' 97 technology

Driver size: 100x min gate
Receiver size: 100x min gate
Buffer size: 100x min gate
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How Far Can We Go in Each Clock Cycle

( cloch NTRS 97 0.07um Tech
5 G Hz across-chip clock

620 mm?(24.9mm X
24.9mm)

|PEM BIWS estimations
¢ Buffer size: 100x
¢ Driver/recaver size: 100x

From corner to corner:
¢ 7clock cycles

6 clock

0 7.52 : 22.56 24.9 (mm)
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Two Important I mplications

B | nterconnects deter mine the system
performance

m Need multiple clock cyclesto crossthe global
Interconnects in giga-hertz designs
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| nter connect-Centric Design
M ethodology

Inter connect

Comer D )= (- o

device/function centric Inter connect/communication centric

Data/Objects Programs

Data/Objects
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| nter connect-Centric |C Design Flow
Under Development at UCL A
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[Architecture/ConceptuaI-IeveI Design]

Design Specification

\/

Inter connect Planning | nter connect Perfor mance
*Physical Hierarchy Generation

_ _ Estimation Models (IPEM)
*Foor plan/Coar se Placement with Interconnect Planning e
«I nter connect Architecture Planning : :

i

Structureview

Functional view
Physical view
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/[Synthesis and Placement under Physical Hierar chy] : abstraction

KI nter connect Optimization\
Timing view 4 IPerfor mance-driven Global Routing| (TRIO)

» Topology Optimization with Buffer Insertion
» Wiresizing and spacing
» Simultaneous Buffer Insertion and Wire Sizing
» Simultaneous Topology Construction

with Buffer Insertion and Wire Sizing

| nter connect Synthesis

|Pseudo Pin Assignment under Noise Control|

I nter connect L ayout

< IRoute Planning|

Paint -to-Point GridlessRouting|
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Final Layout




| nter connect-Centric |C Design Flow
Under Development at UCL A
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[Architecture/ConceptuaI-IeveI Design]
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| nter connect Planning

» Physical Hierarchy Generation
* Foor plan/Coar se Placement with
| nter connect Planning

er connect Perfor mance
Imation Models (IPEM)

e OWS
« SDWS

* BISWS
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Functional view
Physical view

Timing view l

Pseudo Pin Assignment
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* Wire sizing and spacing

« Simultaneous Buffer Insertion
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Part V Outline

m I nterconnect-Centric Design Flow
o

B | nterconnect Planning
Physical hierarchy generation

Floor plan/coar se placement with inter connect
planning

Inter connect architecture planning
m Concluding Remarks
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| nter connect Performance Estimation

B Introduction & Motivation
m Problem Formulation

B |nterconnect Delay Estimation M odels under Various
L ayout Optimizations

m Application and Conclusion
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| mpact of | nter connect Optimization
on Future Technology Generations

o1

—&—2cm DS
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—t—2cm BIS
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®—->cm BISWS
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e DS: Driver Sizing only
e BIS: Buffer Insertion
and Sizing

e BISWS: Simultaneous
Buffer Insertion/Sizing
and Wiresizing
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Complexity of Existing I nter connect
Opt. Algorithms

m 2cm line, W=20, B=10, segment every 500um
B Usebest available algorithms:

¢ Local Refinement (LR)

+ Dynamic Programming (DP)

¢ Hybrid of DP+LR
é IR DP+LR DP

—— e - ~
Algorithm | OWS BI+OWS BIWS BISWS
Delay (ns) | 4.5 1.6 1.02 0.81

CPU(S) | 006 042 4.5 12.4

( HSPICE needs additional 60 seconds! )
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Needs for Efficient | nter connect
Estimation M odels

m Efficiency

m Abstraction to hide detailed design infor mation
¢ granularity of wire segmentation
¢ number of wirewidths, buffer sizes, ...

m Explicit relation to enable optimal design decision at
high levels

B Easeof interaction with logic/nigh level synthesis tools
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| nter connect Performance Estimation
Modeling

[Cong-Pan, ASPDAC’99, TAU’99, DAC’ 99]

B Develop a set of inter connect perfor mance estimation
models (IPEM ), under different optimization alter natives:
¢ Optimal Wire Sizing (OWYS)
+ Simultaneous Driver and Wire Sizing (SDWS)
¢ Smultaneous Buffer Insertion and Wire Sizing (BIW.S)
¢ Simultaneous Buffer |nsertion/Sizing and Wire Sizing (BISWS)

m |PEM have
¢ closed-form formula or smple characteristic equations
¢ constant running timein practice
¢ high accuracy (about 90% accuracy on average)
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Problem Formulation

G <

driver effectiveresistance of theinput stage G,
driver effectiveresistance of G

Inter connect wire length

loading capacitance

= \\Vhat iIsthe optimized delay?
Do not run TRIO or other optimization tools!
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Parameter s and Notations

B |nterconnect
C, ar ea capacitance coefficient

C fringing capacitance coefficient
r sSheet resistance

m Device

£ Intrinsic gate delay

C Input capacitance of the minimum gate
I

g i ..
g output resistance of the minimum gate

m Based on 1997 National Technology Roadmap for
Semiconductors (NTRS 97)
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Delay/Area Estimation under OWS

m Closed-form delay estimation formula

e ai 2a 1l

u
A + + R4Cr + {Rarcacil 4
SW2(a2l) Y

Tows( Rd,l ,CL) = W(a 2l )

where

1 1 I Ca
ai=_ICa, A2=2 |2
g% 2\ RaCL

W(X) is Lambert’'s W function defined as we" = X

m Closed-form area estimation formula

Aows(Rd,I,CL) — m A
|  2Rica
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Property of DEM-OWS

m [heorem: T,.ISasub-quadratic, convex function of
length |

m Note Without wiresizing, wiring delay p 12, asused in
some previous layout-driven logic synthesis systems,
such as[Ramachandran et al., ICCAD-92], Isno
longer accurate!

m Closed-form DEM -OWS will serve as a basisfor
deriving SDWS, BIWS and BISWS
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Comparison of IPEM-OWSvs. TRIO

Delay modeling

0 2000 4000 6000 8000 10000 12000 14000 16000
length(um)

m 0.18um, Ry;=r,/100,C = c,x 100

m For expt., max wirewidth is20x min, wireissegmented in every
10um
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Area Estimation for OWS

, —— S
2

8000 12000 16000 20000

length(um)
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Critical Length for Bl under OWS

Tows(Ra,l,CL) No buffer

Ry

Solvefor |, => Y ¥ ]

critical length |
(b, Ry, C,)

- crmellitet o) 1 best buffer
bisection method Ry . b!

- Congtant timein & : 1 ¢
practice al La)l =+ ™

< > &
< 7 N

crit

Tww(Rs,1,C)= min {Tows(Rs,al,Co) +tg+ Tows(Ry, (1- @)l,CL}
Ofa £l
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Critical Lengthsl ., (b, R, , C,)

Decrease

>
A

unit: mm

- Cf. [Otten I SPD’ 98, Otten-Brayton DAC’ 98]
(uniform wire width)

: DenOtelc = Icrit (b’ Rb ’ Cb)
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“Logic Volume™ within |

- Defined asthe number of min 2-input NAND gates
that can be packed within thearea of 1/2* | /2

2-NAND (um®)
b=10x
b=50x
b=100x
b=200x
b=500x

unit: million
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Property of BIWS

m Theorem: For BIWS, the distances between adjacent

buffers arethe same, and equal tol_-- the critical
length.

m Proof: based on the convexity of T,
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|PEM for BIWS

m Original long interconnect isdivided into €/l ustage
B Thestage number isproportional to |

m Each stage of length | . hasdelay T,,(R;, . C,)

% Linear DEM for BIWS

Thiws =t biws >| + g

{ biws ISthe slope, and can be obtained from
Tows(Rb’ IC’ Cb)
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|PEM for BIWSvs. TRIO

Delay Modeling ——\Model —#—TRIO

8000 12000
length(um)

m 0.18um, Ry,=r,/10, C = c, x 10, buffer typeis 100 x min.

m For expt., max. wirewidth is 20x min. width, wireis segmented in every
100um.
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| PEM under BISWS

B Observationsfrom extensive experiments:.
¢ Linear delay versuslength
¢ Internal buffersare about the same size

B Therefore, we estimate BISWS by the best BIWS from
available buffer types

Linear delay model for optimal BISWS
Thisws =1t bisws > + g

where thisns = MIN thiws, B isthe buffer set
bl B

m Complexity O(|B|). Sincethe set B isnormally
less than 20, constant time in practice.
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Comparison of IPEM for BISWSvs. TRIO

Delay Modeling

—&— Model —&—TRIO

8000 12000 16000
length(um)

m 0.18um, Ry=r,/10,C =¢c,x 10

m For expt., max. allowable buffer/driver sizeis400x min device; max. wire
width is 20x min. width; wireis segmented in every 100um.
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|PEM for Multiple-Pin Nets

. T
G ST I

Go >

@—" ® o 1

C
Q I N
| nput %

Ce
m Estimation with different optimization objectives:

Minimizethe delay to asinglecritical sink (SCS)

Minimize the maximum delay (defined asthe tree delay) for
multiple critical sinks (MCS)

Minimize weighted delay ...
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Some Applications of | PEM

m Layout-driven physical and RTL leve floor planning

Predict accurate interconnect delay and routing resour ce
without really going into layout details;

Use accur ate inter connect delay/area to guide
floor planning/placement

B |nterconnect Architecture Planning
E.g. Wirewidth planning
m Floorplanning + interconnect planning
E.g. Buffer block planning
m Available from http://cadlab.cs.ucla.edu/~cong
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Part V Outline

B [nterconnect-Centric Design Flow

B |nterconnect Performance Estimation M odels

|PEM for optimal wiresizing
|PEM for wiresizing and buffer insertion

B Concluding Remarks
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Physical Hierarchy Generation

Designs are hierarchical dueto high complexity
Design specification (in HDL) follows logic hierarchy

L ogic hierarchy may not be suitable to be embedded
on a 2D silicon surface, resulting poor interconnect
designs

RT-level floorplanning isa bad idea!

Solution: transfor m logic hierarchy to physical
hierar chy
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Example of Logic Hierarchy in Final

L ayout
b |E"lﬁ| : Tl T

il SR SRRy T
1""III L IIIII'IIF .

0.DABRUFI =

By courtesy of IBM (Tony Dr umm)
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Example of Logic Hierarchy in Final
L ayout

i EEEEEE:EEEEEEEEEEEEEEEEEiiiiiﬁEEEiEEEEEEEEEEE i iﬁEEEEEEE EEEEEﬁii!EEE EiiEEEEiiiiii

e
By courtesy of IBM (Tony Drumm)
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Transform Logic Hierarchy to
Physical Hierarchy

B Simultaneous partitioning, coar se placement, and

retiming on the flat netlist to generate a good physical
hierar chy

Synthesis will follow

B Use multi-level optimization to handle with the
complexity
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Role of Partitioning

B | mportance of Partitioning:
Conventional view: enables divide-and-conquer
DSM view: defines global and local inter connects

/@ &

I nterconnect d

D>>dlIll
Global
| nter connect D
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Need of Considering Retiming during Partitioning
- Retiming/pipelining on global inter connects

m Multiple clock cyclesare needed to crossthe chip

B Proper partitioning allowsretiming to hide global

Inter connect delays
Partitioning A Partitioning B

same cutsize
'@f\ %
@) f(A)=8 f(B)=8
& O,

\ \

% s @*E
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Sequential Arrival Time (SAT)

m Definition [Pan et al, TCAD98]

|(v) = max delay from Plsto v after opt. retiming under a given clock
period f

(V) = max{l(u) -f -w(u,v) +d(u,v) + d(v)}

O o O

I(u)  wW(uyv)  dv)

Relation toretiming: r(v) =d(v) /fu-1
Theorem: P can beretimed tof + max{d(e)} iff I(POs) £ f

Iw) = (W "
Iw) = (W)

ASPDAC'01 Tutorial Jason Cong

dv)=1,d(e)=2,f =5
@ (V) = max{7-5-1+2+1, 3+2+1} =




Simultaneous Partitioning/Placement
with Retiming

Minimize SAT during partitioning/placement

Apply optimal retiming to the resulting solution (best
suitablefor retiming)

Partitioning/placement with retiming can be applied
recursively to generate physical hierarchy

Good news: SAT can be computed efficiently (linear
time in practice, quadratic time in the wor st case)

Difficulty: Flattened netlist can be very large!
Solution: use multi-level method
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Multi-level Partitioning

m |[terative coarsening (clustering) to generate a multi-
level hierarchy

m |nitial partitioning on the coar sest level
m [terative de-clustering and refinement

O D
O D

' O C) Uncoar sening &
Coar sening C > e

Initial Partitioning
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Hierarchical Approach vs Multi-Level Approach

m Hierarchical approach: higher-level design
constrainslower -level designs
Not sufficient information at higher-level
Mistake at higher level isimpossible or costly to correct

m Multi-level approach: finer-level design refines
coar se-level design
Convergeto better solution as more details are considered
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Example: Multi-Level Partitioning
with Coar se Placement & Retiming

m Bottom-up multi-level clustering
m Top down cell move based multi-level partitioning

B Sequential timing analysis at each level [Cong and Lim,
| CCADOOQ]

QO o|o|o|o
QO ol|o|ofo

Timing analysis Timing analysis Timing analysis
& cell move & cell move & cell move

OO
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Success of M ulti-Level Approach

First used to solve partial differential equations (multi-
grid method)
Successfully applied to circuit partitioning (hM etis
[Karypis et al, 1997])

Best partitioner for cut-size minimization
Successfully applied to physical hierarchy generation
(HPM and GEO [Cong et al, DAC’00 & |ICCAD’00])

30-40% delay reduction compared to hM etis

Successfully applied to circuit placement [Chan et al,
ICCAD’ 00]

10x speed-up over GordianlL
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Experimental Results

m Comparison with existing algorithms
hMetis [DAC97] + retiming + dlicing floor plan [Algo89]
HPM [DACO0Q] + dicing floor plan [Algo89]

GEO: smultaneous partitioning + coar se placement + retiming
Closeto 40% delay reduction!

1.4

1.2

1_

0.8 [1hMetistRT+FL
0.6 HPM +FL

0 GEO
0.4

0.2

0

delay cutsize wire runtime
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| nter connect Planning

m Physical Hierarchy Generation
O

Example: Buffer Block Planning in Floorplanning
B [nterconnect Architecture Planning
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Demand of Buffersin Nanometer
Designs

B Need toinsert buffersin long global inter connects for
performance optimization

010 | 007

797K

Source: [Cong 97, SRC Work Paper]
http://www.sr c.or g/r esear ch/frontier .dgw

( Estimated based on NTRS' 97 & [Davis-Meindl'97] )




Buffer Block Planning Problem
[Cong-Kong-Pan, ICCAD’99]
buffer block

|
!

m Redstriction from hard | P blocks
m [mplicationson P/G routing

m |Impact on floor plan configuration
=> need to plan ahead for buffers.
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Optimal Buffer L ocation Can Be Relaxed

m Closed-form formula of feasibleregion (FR) for
Inserting one buffer to meet delay constraint

. 1 buffer
driver
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Feasible Region (FR) IsVery Large

B Even under tight delay constraint, FR for Bl can still

bevery largel
*» Delay budget Is
(1+Delta) T, (the
| best delay by
VT el optimal buffer
amemm T insertion)

+ 6000um 7000um 8000um 9000um

Delta FR
1% 19%
5% 43%

10% 60%

20% 86%

=> FR providesalot of flexibility to plan buffer location
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Extension: 2D Feasible Region

B FR extended to 2-dimension with obstacles

Sl nkl

I

"

1
L ocus of min-delay Bl (Restricted lines)
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Experimental Results of Buffer
Block Planning

O #nets that meet delay constraints @ #Buffer Block Oarea

=

4
2
1
0.8
0.6
0.4
0.2
0

No-planning With planning

Buffer block planning reduces # buffer blocks, better
meetstiming constraints, and use smaller area
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Concluding Remarks

m High-performance designsin DSM technologies need
car efully inter connect planning

Efficient inter connect performance estimation models
(IPEMs) areimportant for interconnect planning

Top-level partitioning defines global and local
Inter connects, and impacts performance significantly

Retiming and pipelining over global interconnects are
necessary for multi-gigahertz designs

A clever combination of partitioning and retiming can
hide (some) global inter connect delays

Buffer block planning help to reduce complexity while
achieving good performance
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